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ABSTRACT.—The geographically widespread mayfly genus Baetis occurs from the subarctic to tropical regions of the
world. Many of the 20 described Baetis species in North America are known to show cryptic species diversity. However,
studies of Baetis that have examined morphology and genetic diversity have found mixed results in terms of cryptic
species, with some studies indicating a complex of related species and others suggesting a single widespread species.
We used Bayesian analyses, intra- and interspecific genetic diversity values, and median-joining haplotype networks to
compare cytochrome oxidase I (COI) sequences from Baetis specimens from parts of northern and southern California
(n = 742). Our results suggest that genetic diversity at the COI gene region in populations from northern California
supports the diversity indicated by morphology (Baetis tricaudatus and Baetis adonis); however, populations in southern
California exhibit more genetic diversity than indicated by morphology alone (DNA divergence > 1%), which suggests
cryptic species diversity. The putative species that was morphologically and genetically identified as Baetis tricaudatus
was the only taxon that occurred in both regions. No haplotypes were shared between regions. Intraspecific diversity
within putative species from northern California was >1%. In contrast, intraspecific diversity within species from southern California was always <1%. Such discrepancies highlight the need for locally derived reference libraries in using
next-generation sequencing or environmental DNA as a method to examine genetic diversity.
RESUMEN.—Los efemerópteros del género Baetis se encuentran geográficamente extendidos por el mundo, desde
las regiones subárticas hasta las tropicales. Muchas de las 20 especies descritas de Baetis de América del Norte son
conocidas por mostrar una críptica diversidad de especies. Sin embargo, los estudios de Baetis que han evaluado su
morfología y diversidad genética han obtenido resultados mixtos en términos de especies crípticas, con algunos estudios
que indican un complejo de especies relacionadas y otros que sugieren una única especie extendida. Utilizamos análisis
bayesianos con valores de diversidad genética intra e interespecífica y redes de haplotipos de efectos promedio para
comparar secuencias del citocromo oxidasa I (COI) de muestras de Baetis de zonas del norte y del sur de California (n =
742). Nuestros resultados sugieren que la diversidad genética en la región del gen COI en poblaciones del norte de California respalda la diversidad indicada por la morfología (Baetis tricaudatus y Baetis adonis). Sin embargo, las poblaciones
del sur de California exhiben mayor diversidad genética que la indicada sólo por la morfología (divergencia de ADN >
1%), sugiriendo una diversidad de especies crípticas. La especie identificada morfológica y genéticamente como Baetis
tricaudatus fue el único taxón que se presentó en ambas regiones. No hubo haplotipos compartidos entre las regiones.
La diversidad intraespecífica dentro de las especies putativas del norte de California fue >1%. Por el contrario, la diversidad intraespecífica dentro de las especies del sur de California siempre fue <1%. Estas discrepancias resaltan la
necesidad de que los estudios derivados empleen la secuenciación de nueva generación o ADN ambiental para examinar la diversidad genética.

The description and categorization of biodiversity has been a major focus in biology
since before the time of Linnaeus (Godfray
2007). Significant technological advances in
molecular biology over the past 30 years,
such as polymerase chain reaction (PCR) and
novel DNA sequencing techniques, have

made it easier for nonexperts in traditional
morphology to classify species based on DNA
sequences (Hebert et al. 2003, Hebert and
Gregory 2005). Therefore, the focus of some
researchers that are required to do identifications has shifted away from a traditional morphological concept of species and toward a
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broader view that includes both morphology
and genetic characteristics (Padial et al. 2010,
Schlick-Steiner et al. 2010). Although these
integrated taxonomic methods for species delimitation are quite robust (Padial et al. 2010,
Pfrender et al. 2010, Schlick-Steiner et al.
2010, Webb et al. 2012), criteria based on
DNA divergence, which is used to assess
species-level patterns of biodiversity, vary
among studies (Hebert et al. 2003, Zhou et al.
2009, Sweeney et al. 2011, White et al. 2014).
The cytochrome oxidase I (COI) mitochondrial gene region has been suggested as an
effective and efficient way to identify (e.g.,
Hebert et al. 2003), delimit (e.g., White et al.
2014), and help describe (e.g., Gill et al. 2014)
species, including benthic invertebrates (e.g.,
Ståhls and Savolainen 2008, Zhou et al. 2010,
Lucentini et al. 2011, Mynott et al. 2011,
Renaud et al. 2012, Webb et al. 2012, Jackson
et al. 2014). While levels of COI sequence
divergence have been used in many studies to
delimit species, there is some debate about
the level of sequence divergence that constitutes distinct species accurately (Will et al.
2005, DeWalt 2011), whether it be ≥3%
(Hebert et al. 2003, Sweeney et al. 2011) or
1%–2% (Zhou et al. 2009, White et al. 2014).
Freshwater biomonitoring programs that
collect biodiversity information (e.g., richness
and species composition) to describe or determine the health of ecosystems are used globally (Carter and Resh 2013). In order to be
accurate and effective, such efforts require
clear and consistent criteria for species identification (Carter and Resh 2013). However, the
taxonomic resolution used by many monitoring programs is coarse, typically at the genus
or even family levels, even though specieslevel identification is necessary to optimize
the diagnostic abilities of collected data (Lenat
and Resh 2001, Hawkins 2006, Jones 2008,
Pfrender et al. 2010). Methods such as DNA
barcoding could provide useful tools for performing bioassessments more quickly and
accurately (Pfrender et al. 2010, Sweeney et
al. 2011, Webb et al. 2012, Stein et al. 2014).
However, accurate links between the DNA
barcode and the taxonomic identity of the
sample are necessary in order to leverage the
power of a barcoding approach (De Queiroz
2007, White et al. 2014).
Observed patterns of genetic diversity
can differ among closely related taxa or even
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within populations of the same taxon, which
makes it difficult to conceptualize and delimit
variation within populations or species. For
example, some studies examining the common
mayfly genus Baetis have found well-mixed
populations both within and between watersheds (Monaghan et al. 2001, Hughes et al.
2003b, Peckarsky et al. 2005), while others
have found significant structuring at both
small (Monaghan et al. 2002, Lucentini et al.
2011) and large scales (Williams et al. 2006,
Webb et al. 2012). Similarly, a number of studies have found evidence for cryptic genetic
diversity (Webb et al. 2012, Spitzer 2014),
while others have not (Stauffer-Olsen et al.
2017). Different study areas, geographic ranges,
temporal scales, and arbitrary species delimitation cutoffs are all potential causes of the
variation in research results and conclusions.
Few studies (e.g., Finn et al. 2007), however,
have examined the arrangement of genetic
diversity of benthic invertebrates through
methods such as haplotype networks, which
provide a visual representation of the genetic
diversity and structuring present within a set
of sequences.
The family Baetidae (Ephemeoptera) is
represented by 35 species in California, 10 of
which belong to the genus Baetis Leach, 1815
(Meyer and McCafferty 2008). Baetis is cosmopolitan and can be found from the tropics
to subarctic regions (Gattolliat and Nieto
2009). Because many species are difficult to
identify morphologically, this genus has been
divided into a number of subgroups containing closely related species ( Jacobus et al.
2014). The Baetis rhodani species group includes 4 species from California: B. tricaudatus, B. adonis, B. palisadi, and B. piscatoris
(Meyer and McCafferty 2008). Two of these
species, B. tricaudatus and B. adonis, are
widely dispersed and abundant in California.
The other Baetis species (B. palisadi and B.
piscatoris) have also been found in California,
and B. palisadi has never been found outside
of California. However, B. palisadi and B. piscatoris are also much less common than B. tricaudatus and B. adonis (Meyer and McCafferty 2008).
Baetis tricaudatus is closely related to B.
adonis and cannot be morphologically differentiated for most of its nymphal stages, so
identifications to rhodani group, rather than to
species, are suggested for accuracy (Jacobus
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et al. 2014). Furthermore, studies have found
inconsistent evidence for cryptic genetic
diversity in these 2 taxa (Spitzer 2014, Stein
et al. 2014, Stauffer-Olsen et al. 2017). As
such, a reliable molecular taxonomy necessary
to identify differences for B. tricaudatus and
B. adonis using genetic methods has yet to
be defined.
Previous work suggested that Baetis populations in northern California (Stauffer-Olsen
et al. 2017) had different patterns of genetic
diversity than those observed in the same
taxa collected from sites around Los Angeles
in southern California (White et al. 2014, Spitzer 2014, Stein et al. 2014, Jackson et al.
2014). Northern California populations of
B. tricaudatus were well mixed within and
between watersheds, with no evidence for cryptic genetic diversity (Stauffer-Olsen et al.
2017). In that study, the maximum intraspecific genetic diversity was 1.7% at the COI
gene region, which could be interpreted as
evidence for cryptic diversity if the 1% divergence value is used to differentiate Baetis
species in southern California (Stein et al.
2014, Jackson et al. 2014). However, examining the organization of genetic diversity with
haplotype networks demonstrated that sampled populations were panmictic (StaufferOlsen et al. 2017). In contrast, studies in southern California populations that used 1% distance thresholds (Stein et al. 2014, Jackson et
al. 2014), microsatellites (Spitzer 2014), and a
comparative study (White et al. 2014) that
examined 6 different delimitation methods
(distance-based, bootstrap support, reciprocal
monophyly, coalescent-based, neighbor joining, and maximum likelihood) all found evidence for genetic structuring and cryptic
genetic diversity within B. tricaudatus and
within the morphologically similar B. adonis.
In our study, we examined COI sequences
from rhodani group species collected in northern and southern California. Our objectives
were to (1) create a phylogenetic tree to infer
relationships among Baetis species, (2) describe
the genetic diversity within the rhodani group
species collected from sites in California using
haplotype networks, and (3) compare patterns
of genetic diversity between the rhodani group
species collected from sites located in northern and southern California following methods
similar to Stein et al. (2014).

METHODS
Study Sites
Baetis specimens (n = 371) were collected
from 8 sites in northern California that were
located in 2 watersheds (Fig. 1). Of these
sequences, a total of 40 were generated for
this study (38 Baetis adonis from northern
California, 1 Diphetor hageni, and 1 Baetis
bicaudatus) and the remainder came from
previously published work (Stauffer-Olsen
et al. 2017). Sequences from southern California were generated by Stein et al. (2014). A
total of 5 sites were located within the Russian
River watershed. Collections from 3 of these
(Russian River mainstem, Austin Creek site 1,
and Salmon Creek) were made monthly from
September 2012 to September 2015. These
multiple sampling events were designed to
maximize collection of the natural variation
of Baetis populations (Table 1). We also made
collections at 2 sites within the Russian River
watershed (Dutch Bill Creek, Austin Creek
site 2) and 3 sites in the neighboring Sacramento River watershed (Cappell, Putah, and
Schneider Creek). These collections were
made to assess genetic diversity across a
broader geographic range (Table 1). Both
watersheds have a Mediterranean climate, with
most precipitation occurring as rain during
winter months (NOAA 2009). Collection sites
encompassed a large river (the Russian River–mainstem collection site), perennial streams
(the Austin Creek, Cappell, Putah, and
Schneider Creek sites), and intermittent
streams (the Salmon and Dutch Bill Creek
sites). Sites occurred on both regulated and
unregulated waterways and represented a
range of other habitat parameters including
sediment, shade cover, flow, elevation, and
land use (Table 1). Specimens were collected
by disturbing benthic sediment in a variety of
localized habitats, such as riffles and pools,
and catching the resulting suspended material
in a D-frame net placed just downstream of
the disturbed area.
Taxon Processing and Identification
Immediately following collection, northern
California samples were stored in 95% ethanol and transported to the laboratory at UC
Berkeley for identification. The key provided
in Jacobus et al. (2014) was used for morphological identifications. Some specimens were
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Fig. 1. Map of collection sites. In the map of California (lower left), hydrologic regions are delineated by hydrologic
unit code (HUC) 6. The dark gray area represents the North Coast hydrologic region, the light gray area represents the
Sacramento River hydrologic region, and the striped area represents the South Coast hydrologic region.

identified to species group because diagnostic
characters are absent or inconsistent during
early nymphal instars for B. tricaudatus and
B. adonis (Jacobus et al. 2014). For consistency, all specimens collected in northern
California were identified by a single taxonomist (NS-O) with some identifications confirmed by other experienced taxonomists (e.g.,
L. Jacobus, J. Webb).
DNA Extraction, Amplification
and Sequencing
DNA was extracted from identified northern California specimens using a Qiagen
DNeasy DNA extraction kit (Qiagen, Inc.,
Alameda, CA) with slight modifications to
the manufacturer’s protocol as described in
Stauffer-Olsen et al. (2017).
Sequence Editing
The program Geneious Pro (version 6.1.4)
(Kearse et al. 2012) was used to create and edit
contigs of individual sequences reads, build

alignments, generate basic sequence statistics,
and perform phylogenetic analyses. Contigs
were edited individually and most had 99%
to 100% high-quality (HQ) bases. Contigs with
<80% HQ bases were discarded because basepair calls were not considered to be reliable.
Sequences with <80% overlap between forward and reverse reads were also discarded in
order to ensure that sequences used in analyses were effectively proofread by overlapping
strands. Contigs were also checked for shifts
in reading frame that could indicate the presence of nuclear mitochondrial copies (numts)
and translated into amino acids to check for
stop codons, neither of which were detected.
The Basic Local Alignment Search Tool
(BLAST) was used to compare generated
sequences against all GenBank sequences. For
comparisons, we only focused on sequences
that were identified to the species level,
uploaded by laboratories with well-established
Ephemeroptera taxonomists, and represented
by voucher material; for those reasons, we were
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TABLE 1. Collection site locations and information on surrounding land use.
Site

Latitude, longitude

Northern California
Russian River mainstem
Austin Creek
Salmon Creek
Austin Creek Site 2
Dutch Bill Creek
Capell Creek
Putah Creek
Schneider Creek
Southern California
W. Fork San Gabriel River
E. Fork San Gabriel River
Big Tujunga
Arroyo Seco
Conejo Creek

Elevation (m)

38.504, −122.930
38.511, −123.075
38.356, −123.004
38.506, −123.070
38.453, −122.984
38.495, −122.243
38.492, −122.027
39.917, −121.065

9
46
30
20
53
156
45
1253

34.241, −117.869
34.230, −117.780
34.274, −118.315
34.205, −118.166
34.201, −119.001

496
536
396
348
31

confident that species identifications and DNA
material from BLAST were accurate.
Database Sequences
Southern California COI Baetis sequences
(n = 836) generated by Stein et al. (2014) were
obtained from BOLD (project codes CFWIA
through CFWIH). As described by Stein et al.
(2014), samples were collected from 5 sites
on 3 streams in the Los Angeles, California,
area. Collection sites occurred on both regulated and unregulated waterways and represented a range of landscapes, from river gorges
to alluvial valleys (Table 1; Stein et al. 2014).
Southern California is substantially drier than
northern California, receiving approximately
one-half of the annual precipitation. Sites were
located on both regulated and unregulated
waterways, and represented a range of land
uses (Table 1) and habitats (Stein et al. 2014).
Morphological identifications were done by
expert taxonomists, as described in Stein et al.
(2014), and these taxonomists identified 3 distinct species based on morphology: B. tricaudatus, B. adonis, and an unknown Baetis sp.
CA1. COI sequences from collected Baetis
samples were generated as described by Stein
et al. (2014).
Phylogenetic Analyses
Analyses on 2 different input files were
completed. One analysis examined the phylogenetic relationships between all of the unique
sequences from both northern and southern
California (n = 479) to infer relationships
between them and to test whether species, as
taxonomically defined, were reciprocally mono-

Predominant land use
Agriculture + forest
Forest
Forest
Forest
Forest
Agriculture
Agriculture
Forest
Forest
Forest
Mixed scrub-shrub + urban
Mixed forest + urban
Agriculture

phyletic. Phylogenetic analyses were carried
out on XSEDE using the CIPRES Science
Gateway (Miller et al. 2010) to determine relationships between taxa and to test for reciprocal monophyly between taxa in the current
study. jModelTest 2 (Darriba et al. 2012), running on the CIPRES Science Gateway, was
used to determine the appropriate model of
evolution for subsequent analyses. Bayesian
analyses were run using the HKY85 model
with 2 independent runs of 4 Monte Carlo–
Markov chains for 2.5 million generations,
with 25% generation burn-in in MrBayes
(version 3.2.2, Ronquist et al. 2012). The output trees were then imported to Geneious
Pro and edited in FigTree (version 1.3) (Rambaut 2012) and Adobe Illustrator (version
19.2.1) (Fig. 2).
A second set of analyses examined a rarefied set of sequences (n = 742). Sample sizes
from northern (n = 371) and southern (n =
836) California were uneven, so 371 sequences
from southern California were randomly
chosen in order to make accurate haplotype
network comparisons (Szpiech et al. 2008).
Alignments of northern and southern California sequences (n = 742) were then made
using the MAFFT Geneious Pro plugin (version 7.017; Katoh and Standley 2013). All
sequences in the alignment were trimmed to
the same length (577 base pairs) in order to
complete subsequent analyses. The final alignment used for analyses was uploaded to Figshare (https://figshare.com/articles/StaufferOlsen
_Baetis_SoCal_vs_NorCal_rarefied/4828672).
Sequences generated from northern California were uploaded to BOLD (sample IDs:
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Baetis flavistriga
Baetis notos
Baetis magnus
Lineage H: Diphetor hageni
Clade G: Baetis sp. CA1
1 Southern California
17 sequences
0.7% msd

1

Lineage F: Baetis bicaudatus - Utah
Lineage E: Baetis adonis Southern California
Clade D: Baetis tricaudatus
Southern California
46 sequences
0.7% msd

1
0.99

1

0.78

Clade C: Baetis adonis
Northern California
38 Sequences
2.4% msd

1

rhodani
species group

Grade B: Baetis adonis
Southern California
174 sequences
0.9% msd

1

1

0.04

1

Clade A: Baetis tricaudatus
Northern and Southern California
466 sequences
1.7% msd

Fig. 2. Consensus tree summarizing Bayesian analysis of 742 sequences from northern and southern California, several other Baetis species found in California (B. notos, B. magnus, B. bicaudatus, and B. flavistriga), and Diphetor hageni,
which was specified as the outgroup. Posterior probabilities (PP) of each highlighted clade, lineage, or grade are written
above branches at the nodes. Clade A is a monophyletic group with 466 B. tricaudatus sequences from northern and
southern California. Grade B is a paraphyletic group containing 174 B. adonis sequences from southern California.
Clade C is a monophyletic group with 38 B. adonis sequences from northern California. Clade D is a monophyletic
group with 46 B. tricaudatus sequences from southern California. Clade G is a monophyletic group with 17 Baetis sp.
CA1 sequences from southern California. Lineages each represent a single individual/taxon.

NAT1-NAT827) and GenBank (accession
numbers KY580901–KY581193). Geneious Pro
(version 6.1.4) (Kearse et al. 2012) was used
to calculate the percent diversity between

each of the sequences in the final alignment
(Table 2).
Our discussion of the phylogenetic results
includes the terms clade, grade, and lineage.
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TABLE 2. COI gene region genetic statistics for each of the 6 putative species, indicated by their lineage identified in
Fig. 2. HN indicates the number of unique haplotypes, and msd represents the maximum sequence divergence.

Lineage (Fig. 2)
Clade G
Lineage E
Clade D
Clade C
Grade B
Clade A
aDivergence

Northern California
______________________________
No. sequences
HN
msd
0
0
0
38
0
333

0
0
0
3
0
30

0
0
0
2.4
0
1.7

Southern California
______________________________
No. sequences HN
msd % Divergencea
17
1
46
0
174
133

9
1
7
0
16
11

0.7
N/A
0.7
0
0.9
1

17.5
2.9
2.9
8.6
1.4
1.4

from closest sister group

A clade is a monophyletic group. A grade is a
paraphyletic group containing 2 or more taxa.
A lineage is a single taxon.
Haplotype Networks
The rarefied sequence alignment used to
construct haplotype networks (n = 742) was
exported from Geneious Pro (Version 6.1.4)
(Kearse et al. 2012) as a nexus file and edited
in TextEdit so it was compatible with POPART
(Population Analysis with Reticulate Trees)
(Leigh and Bryant 2015). POPART was used
to create haplotype networks to describe and
visualize the genetic variation of sampled
populations. Haplotype networks were built
using the median-joining inference method
(Bandelt et al. 1999).
RESULTS
Morphological Versus Genetic Diversity
Three species were morphologically identified from northern and southern California.
Two of these, B. tricaudatus and B. adonis, are
previously described species with diagnostic
characteristics for later instars (Jacobus et al.
2014). A third putative species, Baetis sp.
CA1, was also identified based on its morphology (Stein et al. 2014) and the fact that it
formed a monophyletic group with significant
(>10%) divergence from the nearest sister
taxon (Fig. 1, Clade G). Phylogenetic trees
and haplotype networks, however, demonstrate that there is actually genetic structuring
within each of these morphological species
that conforms to a number of cryptic species
(Table 2, Fig. 2).
Sequences from northern California that
were morphologically identified as belonging
to the B. rhodani species group (see methods)
consist of 2 distinct genetic clusters. One cluster contained 333 sequences that were most

similar to B. tricaudatus sequences generated
by laboratories with a well-established reputation in accurate aquatic insect identifications
(Fig. 2, Clade A). Maximum divergence within
this group was 1.7%. The second cluster
(Fig. 2, Clade C), which consisted of 38
sequences that were at least 8.2% different
than the B. tricaudatus group, had a maximum
intragroup divergence of 2.4%. These latter
sequences were at least 8.5% different than
the B. adonis sequences which were generated by aquatic insect experts and for which
voucher material existed (Fig. 2, Clade C).
Because of a lack of morphological characters
in early nymphal instars, only 10 of the 38
samples examined here could be identified as
B. adonis using strictly morphological methods. For clarity, these groups supported by
both morphologic and genetic methods will
subsequently be referred to as B. tricaudatus
and B. adonis NCA.
Phylogenetic Analyses and
Haplotype Networks
Phylogenetic trees created with all unique
sequences from northern and southern California were similar to those created from rarefied samples where the number of sequences
was equal between regions. Focus was placed
on phylogenetic results of rarefied analyses in
order to be more comparable with haplotype
network analyses.
The rarefied rhodani group sequence alignment included 742 sequences, 337 of which
were identical. Phylogenetic analyses indicated that specimens fell into 8 lineages or
clades/grades (Fig. 2, Table 2). Clade A (Fig. 2,
blue, PP = 1.0) consists of 466 species with
a maximum sequence divergence (msd) of 1.7%.
Morphologically, this group identified as B.
tricaudatus. The majority of sequences from
northern and southern California were grouped
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1 individual

Fig. 3. Median-joining haplotype network showing the arrangement of genetic diversity within Baetis adonis species
collected from southern California, indicated by the box with a thin gray outline; B. tricaudatus sequences from northern California, indicated by the box with a thick gray outline; and B. tricaudatus from southern California, indicated by
the box with a dashed gray outline. Circles represent haplotypes, and circle sizes represent the number of individuals
with that haplotype. The small hash marks on lines connecting the different haplotypes represent base-pair changes,
which are additive on either side of a circle. The 2 individuals collected in northern California that grouped with the
southern California haplotypes are indicated by a small dotted box around them.
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Fig. 4. Median-joining haplotype network showing the
arrangement of genetic diversity within B. adonis species
collected from northern California. Circles represent haplotypes, and circle sizes represent the number of individuals with that haplotype. The small hash marks on lines
connecting the different haplotypes represent base-pair
changes, which are additive on either side of a circle.

separately (Fig. 2), although 2 sequences
from northern California were included with
sequences from southern California, as indicated in Fig. 3. Baetis tricaudatus in northern
California (Fig. 3) was represented by 30 haplotypes, one of which was very common (n =
260), while the others were rarer (n = 1–22).
The northern California sequences had a maximum within-group diversity (msd) of 1.7%.
Southern California B. tricaudatus (Fig. 3)
had a maximum within-group diversity of 1.0%
and was represented by 11 haplotypes, 1 of
which was common (n = 74) while 2 others
were less common (n = 19, n = 20) and the
rest were rare (n = 1–5). The 2 individuals
collected in northern California that grouped
with the southern California haplotypes were
unique and distinct from the other southern
California B. tricaudatus samples (Fig. 3).
Grade B (Fig. 2, pink) is a paraphyletic
grade of 174 B. adonis individuals collected in
southern California (Stein et al. 2014). The
msd within this grade was 0.9%. The haplotype network of B. adonis sequences from
southern California (Fig. 3) indicated 16 haplotypes, 2 of which were common. This
group was at least 6 base pairs (or 1.4%) different from the B. tricaudatus samples from northern and southern California (Fig. 3). While
most B. adonis individuals collected in southern California were placed in this grade, 1
individual was quite divergent (Fig. 2, Lineage E). Clade A and Grade B together form
a monophyletic group with strong support
(PP = 1.0).

Clade C (PP = 1.0) consists of 38 B. adonis
individuals collected in northern California
(Fig. 2, red). The msd within this group was
2.4% (Table 2). The haplotype network for
clade C (Fig. 4) indicated 3 haplotypes, one
of which was separated by 13 base-pair
changes. When the frequently used 1% and
2% divergence cutoffs were applied to this
group, 2 putative species were indicated, as
represented by the 2 boxes that separate the
putative species in Fig. 4. One putative species consisted of 31 sequences differing by
0.2% (represented by the 2 haplotypes separated by a single base-pair change in Fig. 4),
and the other consisted of 7 identical sequences,
represented by a single haplotype. Lineages
A–C form a well-supported monophyletic
group (PP = 1.0).
Clade D, comprising 46 B. tricaudatus
sequences from southern California, had an
msd of 0.7% (Fig. 2, orange). While these samples were identified as B. tricaudatus, they are
over 16% different from the B. tricaudatus
sequences in clade A (Fig. 2, blue). There
were 7 haplotypes in this group, 3 of which
each occurred in a single specimen (Table 2).
A maximum of 4 base-pair changes occurred
between haplotypes in these southern California B. tricaudatus sequences (Fig. 5). The
nearest relative (PP = 1.0) of Clade D is a single B. adonis individual from southern California (Lineage E). The haplotype network
identified 16 base-pair changes between Clade
D and Lineage E (Fig. 5). The rhodani species
group is composed of all members of lineages
A–E. This clade is weakly supported, with a
posterior probability of 0.78.
There are 2 clades on the Bayesian phylogeny that include taxa identified as B. tricaudatus (Fig. 2, Clades A and D). Clade A contains individuals from both northern and
southern California, while Clade D includes
individuals from only southern California.
Sequences included in these 2 clades are at
least 16.6% different from one another, suggesting they represent at least 2 distinct species, both conforming to the morphological
definition of B. tricaudatus.
Baetis adonis is represented in 3 distinct lineages in the Bayesian analyses (Fig. 2, Clades
B and C, Lineage E). Clade C is from Southern California and is at least 8.6% different
than other sequences morphologically identified as B. adonis (Fig. 2, Clade B, Lineage E).
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Fig. 5. Median-joining haplotype network showing the
arrangement of genetic diversity within B. tricaudatus sp. 2
(Clade D in Fig. 2). Another potential cryptic species is also
present, as indicated by the circle separated from the network by 16 hash marks (base-pair changes). Circles represent haplotypes, and circle sizes represent the number of
individuals with that haplotype. The small hash marks on
lines connecting the different haplotypes represent basepair changes, which are additive on either side of a circle.

Genetic analyses suggest that, with 1% and
2% divergence cutoffs, there may be 2 species
present in Clade C, one with 31 sequences
differing from one another by 0.2% and
another with 7 identical sequences that are
over 2% different. Overall, there are at least
3 (Fig. 2, Clades B and C, Lineage E), and
possibly 4 (2 within Clade C; Fig. 4) genetically distinct species within the morphological limits of what we currently understand as
B. adonis.
The closest relative of the rhodani group
(PP = 0.99) is an exemplar of B. bicaudatus
from Snowbird, Utah (Fig. 2, Lineage F).
The sister lineage of the rhodani-bicaudatus
clade is a clade composed of 2 distinct lineages. The first, which we will label as Clade
G, is 17 sequences from an undescribed Baetis
species (Stein et al. 2014) from southern
California (Baetis sp. CA1; Fig. 2, yellow). Clade
G is a well-supported lineage (PP = 1.0) with
0.7% msd. There is a single dominant haplotype (n = 8) and 8 less common haplotypes (n
= 1–2) with a maximum of 4 base-pair changes
between haplotypes within Clade G (Fig. 6,
Table 2). The sister taxon of clade G is a single
representative of Diphetor hageni collected
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Fig. 6. Median-joining haplotype network showing the
arrangement of genetic diversity within Baetis sp. CA1
(Clade G in Fig. 3.2). Circles represent haplotypes, and
circle sizes represent the number of individuals with that
haplotype. The small hash marks on lines connecting the
different haplotypes represent base-pair changes, which
are additive on either side of a circle.

from northern California that is placed in Lineage H (Fig. 2).
DISCUSSION
Our analysis of the COI gene region suggests that there are at least 6 putative species
within the genus Baetis in California, 2 occurring in northern California and 5 in southern
California. Some of these putative species
conform to the traditional morphological definitions of B. adonis and B. tricaudatus. Such
results support results from Jackson et al.
(2014), which found evidence for 2 cryptic
species morphologically identified as B. adonis
from southern California. Another taxon, Baetis
sp. CA1 (Jackson et al. 2014), was represented
by a single clade (Fig. 2, Clade G) that was at
least 17.5% different from other collected rhodani group sequences and morphologically
distinct (Jackson et al. 2014).
Haplotype networks showed how genetic
diversity was geographically arranged and
that the sequences identified as B. adonis
and B. tricaudatus were separated by at least
6 base-pair changes, or a 1.4% divergence (Fig.
3, Table 2). However, the small interspecific

214

WESTERN NORTH AMERICAN NATURALIST (2019), VOL. 79 NO. 2, PAGES 204–218

divergences between B. adonis and B. tricaudatus illustrate how the methods used to
delimit species and estimate biodiversity are
subject to inconsistent interpretations. Our
results suggest that genetic diversity at the
COI gene region in populations from northern
California supports the diversity indicated
by morphology. However, populations in southern California exhibit more genetic diversity
than indicated by morphology, which suggests
cryptic species diversity.
When the same number of sequences from
northern and southern California were compared, there was more genetic diversity in
populations from southern California, despite
the wider spatial coverage of sampling in
northern California (Fig. 2). For example, specimens morphologically identified as B. adonis
or B. tricaudatus were supported by genetic
analyses to be 2 species in northern California, although intraspecific diversity was >1%
(Fig. 2). In contrast, specimens morphologically identified as B. adonis or B. tricaudatus
in southern California were found to be 4 putative species, each with intraspecific diversity
<1%. These results highlight the issue with
quantifying species diversity based only on
COI divergence thresholds: species diversity
at the COI gene region is not always consistent in different areas. Furthermore, when
arbitrary cut-offs between ≥3% (Hebert et al.
2003, Sweeney et al. 2011) and 1% (Jackson et
al. 2014, Stein et al. 2014) are used to differentiate cryptic species, interpretations of diversity become further complicated. The use of
both phylogenetic trees and haplotype networks helped tease apart the relationships between cryptic species, and in each case cryptic
putative species were supported by all of the
genetic analyses completed in the present study.
Diversity Thresholds
The differing results obtained between
northern and southern California Baetis are
complicated by the different thresholds
applied by different studies when comparing
intra- and interspecific genetic distances. For
example, the 2 putative species in northern
California (B. tricaudatus – Clade A and B.
adonis – Clade C) both had >1% intraspecific
diversity (Table 2). In contrast, the 5 putative
species in southern California each had ≤1%
intraspecific diversity (Table 2). Interspecific
diversity also had a wide range and was <2%
between B. adonis NCA and B. tricaudatus.

Stein et al. (2014) and Jackson et al. (2014)
both used the same southern California data
set, which we analyzed a subset of in the present study. We used a 1% cutoff to delimit
Baetis species, a method which our results
from southern California samples support. A
1% distance threshold, however, would differentiate single Baetis species in northern California and would lead to conflicting results
(Stauffer-Olsen et al. 2017). However, a 2%
distance threshold to delimit species would
similarly underestimate diversity in southern
California, because it would not differentiate
between B. adonis SCA and B. tricaudatus,
which are only 1.4% divergent. Such differing
patterns support the idea that species delimitation cutoffs might need to be different for
different species, or even for the same species
within different regions. Another method to
achieve accurate results would be to use specific measurements, such as those employed
in the present study, instead of simple arbitrary cutoffs to delimit species, especially
closely related taxa.
Diversity in Northern Versus
Southern California
The difference in cryptic species diversity
between northern and southern California
could be the result of a number of processes
outlined in Table 3. One explanatory hypothesis is that the comparably dry and warm climate of southern California may have limited
adult dispersal and recolonization of sampled
species among streams. Limited adult dispersal could have then increased the potential
for isolation by distance, resulting in the
cryptic species diversity present in southern
California. The relationship between genetic
population structure or cryptic diversity and
isolation by distance (i.e., distance between
populations) has been examined in numerous
studies (e.g., Hughes et al. 2003b, Williams
et al. 2006, Smith et al. 2006, Zickovich and
Bohonak 2007, Spitzer 2014), but contrasting
results have been found. However, our results
strongly suggest that the warmer and drier
climate of southern California compared to
northern California might limit adult dispersal and result in higher genetic divergence
between populations (Table 3). Additional
studies with larger sample sizes and more
extensive geographic coverage in northern
and southern California would be necessary
to draw clear conclusions on the relationships
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TABLE 3. Hypotheses for differing genetic results between northern and southern California Baetis rhodani group
populations.
Hypothesis
/
Differing climate
Differing land cover
Patchy recruitment (PRH)
Differing larval drift
Differing genetic drift

Northern California

Southern California

Cooler/wetter—more dispersal
More forested—more recovering
and recolonizing
PRH effects less prevalent
More water flow and larval drift
Less pronounced effect
because fewer drought events

Warmer/drier—less dispersal
Less forested—less recovering
and recolonizing
PRH effects more prevalent
Less water flow and larval drift
More pronounced effect
because more drought events

between population, genetic structure, and
isolation by distance over such a large and
diverse area, including the area between
sampling sites.
In addition to distance between the stream
and river sites examined, the type of land cover
among the streams and rivers examined could
also have impacted adult dispersal of sampled
Baetis species. For example, Alexander and
Lamp (2008) studied mayfly populations in
forested and deforested streams in Maryland
and Virginia during 2 years of drought conditions followed by 2 years of recovery conditions. Although there was no difference in
mayfly density or the level of population
decline over the course of the drought, they
did find that 1 year after the drought, mayfly
densities were higher in forested areas than
in deforested areas, and that forested streams
were more likely to be recolonized. Such
results suggest that in southern California,
which is significantly less forested than the
northern part of the state, mayfly populations
might have more difficulty recovering and
recolonizing than their northern California
counterparts (Table 3). Such difficulty in recovering and recolonizing might result in
more significant bottleneck effects and locally
adapted populations that differ genetically
from other populations, a finding our results
seem to support.
The patchy recruitment hypothesis (PRH)
of Bunn and Hughes (1997), which suggests
that individuals at a particular location might
be the products of only a small number of
successful matings, might have worked in unison with decreased adult dispersal to create
the pattern of more observed cryptic diversity
in southern than in northern California (Table
3). Rebora et al. (2005) reported similar patchy
recruitment of B. rhodani populations in Italian streams. Similarly, Spitzer (2014) studied
microsatellite markers in B. tricaudatus speci-

mens from the San Bernardino mountains in
southern California and obtained results that
supported the PRH.
Another hypothesis that could explain the
higher level of cryptic diversity in southern
compared to northern California is that the
higher levels of precipitation, and subsequent
higher flows in river and streams, might increase gene flow through increased nymphal
drift (Table 3). Poff and Ward (1991) studied
the drift responses of several lotic benthic
invertebrates, including a Baetis sp., to experimental changes in flow. Results indicated that
Baetis sp. consistently had a greater drift
rate in high-flow versus low-flow riffle habitat.
This result would support the explanation that
higher flows in northern California increased
gene flow and thus contributed to the different patterns of cryptic diversity between
northern and southern California in the present study. In addition, Hughes et al. (2003a)
tested a similar hypothesis (i.e., whether the
genetic variation among pools in a stream
was greater after dry periods than after wet
periods) using the baetid mayfly Bungona narilla in Queensland, Australia. However, mitochondrial DNA results from their study only
partially supported this hypothesis, and allozyme data indicated very low variation among
pools after both dry and wet periods (Hughes
et al. 2003a).
Genetic drift resulting from the more
extreme drought events in southern California
might also have increased cryptic diversity in
sampled Baetis populations. For example, if
2 different haplotypes occur at 2 different
sites but drought causes the local extinction
of one haplotype in each site, over time this
sort of localized differentiation can result in
speciation (Nosil and Feder 2012). Results
from Alexander and Lamp (2008), who found
that densities of a baetid mayfly in deforested
areas were lower than forested areas after a
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drought event, suggest that genetic drift
impacts might be especially important after
disturbance events that cause densities to
decrease and that cause potential bottleneck
effects to impact mayfly populations (Table 3).
Furthermore, the higher number of duplicate
gene sequences in southern California compared to northern California suggests that
many alleles are fixed, evidence that adds
support to the hypothesis that genetic drift
could be a factor impacting the patterns present in our study.
Previous studies also support the hypotheses that the higher amount of cryptic diversity in southern California compared to northern California could be the result of decreased
adult dispersal, reduced nymphal drift, patchy
recruitment, or genetic drift. However, previous genetic studies on Trichoptera (caddisflies) in the Russian River watershed, where
most of the northern California specimens
from the present study were collected, found
evidence of cryptic species diversity. Jackson
and Resh (1992), using allozyme electrophoresis to study the caddisfly Helicopsyche borealis (Helicopsychide) within 3 streams, found
evidence of cryptic diversity, which is unlike
our findings for Baetis mayflies from northern California. Similarly, allozyme studies on
Gumaga (Sericostomatidae) caddisflies found
evidence for sympatric cryptic species at
sites within the Russian River watershed (Jackson and Resh 1998). Such findings differ from
those of the present study, but are likely explained by drifting behavior characteristic of
Baetis species (Fontaine et al. 1990). Neither
Gumaga nor Helicopsyche are common components in the drift (Jackson et al. 1999, Resh
et al. 1984, respectively).
Implications for Bioassessment/Biomonitoring
Our results have important implications for
biomonitoring and bioassessment programs.
Baetis is commonly encountered in these
studies (White et al. 2014), and it is one of the
few genera in the “pollution sensitive orders”
(Ephemeroptera, Plecoptera, Trichoptera) that
has higher tolerance to pollution (Chang et al.
2014). In our study, only one species (B. tricaudatus) occurred in both northern and
southern California. This result suggests that
biomonitoring programs that use morphology or genetic data will need local type specimens or sequences for comparisons to have
accurate results. Biomonitoring programs using

genetic methods to identify biodiversity have
garnered substantial interest because of their
potential to both improve accuracy and to
potentially limit time and financial investment (Sweeney et al. 2011, Webb et al. 2012,
Macher et al. 2016). However, for biomonitoring programs to use next-generation sequencing (NGS) techniques to estimate the health
of freshwater ecosystems (as described by Baird
et al. [2012] or Hajibabaei et al. [2011]), they
must have reliable and repeatable results, and
consequently they require an accurate reference library (Pfrender et al. 2010). The results
of our study highlight the need for local reference libraries for accurate comparison of collected sequences.
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